Abstract: Forward osmosis has gained tremendous attention in the field of desalination and wastewater treatment. However, membrane fouling is an inevitable issue. Membrane fouling leads to flux decline, can cause operational problems and can result in negative consequences that can damage the membrane. Hereby, we attempt to review the different types of fouling in forward osmosis, cleaning and control strategies for fouling mitigation, and the impact of membrane hydrophilicity, charge and morphology on fouling. The fundamentals of biofouling, organic, colloidal and inorganic fouling are discussed with a focus on recent studies. We also review some of the in-situ real-time online fouling monitoring technologies for real-time fouling monitoring that can be applicable to future research on forward osmosis fouling studies. A brief discussion on critical flux and the coupled effects of fouling and concentration polarization is also provided.
Introduction
One of the major issues affecting membrane performance in osmotically-driven membrane processes is fouling of the membrane. Membrane fouling occurs when particles or solutes accumulate on a membrane surface or inside the pores of the membranes [1] . These particles block pores, form a cake or gel-type layer on the membrane surface and reduce membrane permeability [2] . Fouling has several negative impacts on the membrane performance, such as inducing its own concentration polarization, weakening the membrane rejection properties and introducing additional hydraulic resistance [3] . Although membrane technologies have advantages over other mature technologies in water treatment, membrane fouling still is a major operational problem and needs further investigation [4] .
Recently, forward osmosis (FO), has emerged as one of the promising membrane processes and alternatives to reverse osmosis (RO). FO uses an osmotic pressure gradient for permeation of water through a semi-permeable membrane. The major advantage of FO over other pressure driven membrane processes is that FO phenomena occurs spontaneously, without the need of any hydraulic pressure [5] . Pressure driven processes, such as reverse Osmosis (RO) and nanofiltration (NF), are Fouling can occur at different locations on the forward osmosis membrane, such as on the active layer, on the surface of the support layer or inside the support layer. Fouling in osmotically-driven membrane processes can be classified into external and internal fouling, depending on the membrane orientation used. In forward osmosis (FO) mode (when the active layer faces the feed solution), the foulants are deposited on the active layer, which leads to a formation of a cake-type layer. Fouling in this manner is called external fouling (Figure 2a ). The fouling mechanism is more complicated in the pressure retarted osmosis (PRO) mode (when the active layer faces the draw solution). If the size of fouling matters is smaller than the pores of the support layer, it can penetrate the support layer and be adsorbed on the walls of the support layer, or be retained by the active layer and deposited on the backside of the active layer. Smaller size foulants enter the support layer and attach to the foulants that are already deposited on the active layer, leading to pore clogging of the membrane or internal fouling (Figure 2b ). Pore clogging is the most severe type of fouling and is very hard to clean up [6] . Additionally, entrapment of foulants in the support layer reduces porosity and enhance the effects of internal concentration polarization (ICP) [7] . Fouling can occur at different locations on the forward osmosis membrane, such as on the active layer, on the surface of the support layer or inside the support layer. Fouling in osmotically-driven membrane processes can be classified into external and internal fouling, depending on the membrane orientation used. In forward osmosis (FO) mode (when the active layer faces the feed solution), the foulants are deposited on the active layer, which leads to a formation of a cake-type layer. Fouling in this manner is called external fouling (Figure 2a ). The fouling mechanism is more complicated in the pressure retarted osmosis (PRO) mode (when the active layer faces the draw solution). If the size of fouling matters is smaller than the pores of the support layer, it can penetrate the support layer and be adsorbed on the walls of the support layer, or be retained by the active layer and deposited on the backside of the active layer. Smaller size foulants enter the support layer and attach to the foulants that are already deposited on the active layer, leading to pore clogging of the membrane or internal fouling (Figure 2b ). Pore clogging is the most severe type of fouling and is very hard to clean up [6] . Additionally, entrapment of foulants in the support layer reduces porosity and enhance the effects of internal concentration polarization (ICP) [7] . Under severe fouling conditions, more foulants continue to deposit on the outer side of the support layer and leads to both external and internal fouling. If the foulant size is larger than the pore size, the foulant just deposit on the outer side of the support layer, leading to external fouling. If the feed water contains a variety of foulants of different sizes, both external and internal fouling can occur in the PRO mode (active layer facing the draw solution). External fouling or surface fouling can be easily controlled via improving feed water characteristics or chemical cleaning [3] . Therefore, it is generally more reversible than internal fouling [8] . However, it should be clarified that, depending on feed water characteristics, both external and internal fouling can be irreversible [9] .
In this review we will discuss the current trends in forward osmosis membrane fouling, impact of critical flux on fouling, effects of hydrophility, charge and morphology on membrane fouling, the coupled effects of concentration polarization and fouling on flux behaviour, fouling in a osmotic membrane bioreactor and control strategies for fouling and their effectiveness. Finally, in-situ realtime techniques to monitor membrane fouling are discussed along with the limitations of each tecnique and suitability for forward osmosis.
Mathematical Predictive Model for Fouling in Forward Osmosis
Hoek and Elimelech [10] developed a cake-enhanced osmotic pressure (CEOP)-based model for describing flux decline in salt rejecting membranes. The water flux decline in membrane processes is not only dependent on fouling, but also on the driving force [11] . Mathematically, the water flux "J" can be expressed by Equation (1) .
J = F µ(R + R ) (1)
Where F is the osmotic driving force in case of the FO process and hydraulic pressure for RO, µ is the viscosity of the solution, Rm is the resistance of the clean FO membrane and Rc represents the resistance of the cake layer. The osmotic driving force is also proportional to the apparent concentration driving force in the FO and can be divided into four components as shown in Table 1 [3]. Under severe fouling conditions, more foulants continue to deposit on the outer side of the support layer and leads to both external and internal fouling. If the foulant size is larger than the pore size, the foulant just deposit on the outer side of the support layer, leading to external fouling. If the feed water contains a variety of foulants of different sizes, both external and internal fouling can occur in the PRO mode (active layer facing the draw solution). External fouling or surface fouling can be easily controlled via improving feed water characteristics or chemical cleaning [3] . Therefore, it is generally more reversible than internal fouling [8] . However, it should be clarified that, depending on feed water characteristics, both external and internal fouling can be irreversible [9] .
In this review we will discuss the current trends in forward osmosis membrane fouling, impact of critical flux on fouling, effects of hydrophility, charge and morphology on membrane fouling, the coupled effects of concentration polarization and fouling on flux behaviour, fouling in a osmotic membrane bioreactor and control strategies for fouling and their effectiveness. Finally, in-situ real-time techniques to monitor membrane fouling are discussed along with the limitations of each tecnique and suitability for forward osmosis.
Mathematical Predictive Model for Fouling in Forward Osmosis
where F is the osmotic driving force in case of the FO process and hydraulic pressure for RO, µ is the viscosity of the solution, R m is the resistance of the clean FO membrane and R c represents the resistance of the cake layer. The osmotic driving force is also proportional to the apparent concentration driving force in the FO and can be divided into four components as shown in Table 1 [3] .
where F cecp and F dcp are concentration polarization factors for concentrative external concentration polarization (CECP) at the active layer side and dilutive concentration polarization (CP) at the support side in FO mode, respectively, and F ccp and F decp are concentration polarization factors for concentrative CP at the support layer side and dilutive external concentration polarization (DECP) at the active layer side in the PRO mode, respectively. The value of R m can be measured via RO test by using a foulant-free feed solution, such as deionized (DI) water. Alternatively, R m can be calculated if the pure water permeability constant of the membrane is known:
The value of R m can be estimated by simplifying the osmotic-resistance-filtration model reported for RO [12] for osmotically-driven membrane processes [3, 11] . The value of cake layer resistance R c can be estimated using Carman-Kozeny equation, as given below.
where Є is the porosity of the cake layer, ρ p is the particle density, d p is the particle diameter and M d is the mass per membrane unit area of the deposited cake layer. However, for the FO process, finding the value of R c is hindered by several factors. According to Nagy et al. [13] , modelling the hydraulic resistance of external and internal fouling is challenging due to a number of reasons. Firstly, the hydraulic diameters of foulants are not well described and secondly the support layer geometry of FO membrane is not extensively studied, and it is unknown how much of the support layer will be filled with foulants. Therefore, an alternate model based on one dimensional transport of salt and water perpendicular to the membrane was proposed by Tow et al. [14] . However, this model does not take into account the mechanism of internal fouling, such as pore clogging, and can only be applied to foulants with known sizes or one with very large pores (more than 20 nm).
Classification of Membrane Fouling in Forward Osmosis
Membrane fouling can be further classified into four main categories, such as biofouling, organic, inorganic (mineral scaling) and colloidal fouling based on the type of foulants. Different types of fouling may occur simultaneously and can influence each other. Interestingly, most of the literature on forward osmosis fouling studies have used model foulants simulating a single type of fouling condition on the membrane. For instance, if biofouling is investigated, a model foulant Pseudomonas aeruginosa PA01 GFP is used to simulate biofouling condition on the membrane. Similarly, organic fouling is simulated by using alginate as a model organic foulant. It is not clear whether the results of fouling studies using simulating fouling conditions would be applicable to pilot or commercial applications with real wastewater or high saline water feeds, since these waters would contain all the foulant types, such as biofoulants, organic foulants, inorganic foulants and colloidal foulants simultaneously. In practice, membrane fouling is caused by combination of different foulants and membrane autopsy method can provide useful information about the origin and extent of membrane fouling, distribution of foulants and foulants composition and properties [15] . However, fundamental understanding of fouling and fouling mechanisms is not possible through membrane autopsy [9] , and in-situ and real-time fouling monitoring techniques are vital to understand fouling mechanism and cleaning strategies efficiency in forward osmosis.
Biofouling
Biofouling, also known as microbial fouling, involves the deposition of live bacterial cells as well as the formation and growth of biofilm [16] . In forward osmosis, similar to other membrane processes, accumulation and growth of microorganisms on the surface of the membrane leads to biofouling [17] [18] [19] . While other forms of fouling can be controlled with a variety of pre-treatments, biofouling is the most ubiquitous type and is difficult to control due to the strong adhesion of bacteria onto the membrane surface and the formation of an extracellular polymer matrix (EPS) [20] . Biofouling can also lead to pore clogging and assist with other types of fouling, such as inorganic fouling, and these channelling matters can lead to precipitation of soluble salts and eventually scaling [21, 22] .
To understand biofouling in FO, it is important to understand the basic principles of biofilm formation due to bacterial attachment on a microscopic level. Goulter et al. [23] describes bacterial attachment to a surface as a two-step model; initial reversible attachment followed by an irreversible attachment. The initial reversible attachment is governed by weak van der Waals forces and can be easily removed by shear forces, such as rinsing or turbulent flow of the surrounding fluid, but in some cases when the bacterial cell and the surface both are negatively charged, some cellular structures overcome the electrostatic repulsion force, resulting in irreversible attachment to the surface. In this case, shear forces, such as rinsing or turbulent flow, are not sufficient to remove the bacterial attachment; instead, physical or chemical cleaning is required to remove the bacterial cells formation. According to Goulter et al. [23] , due to an excess of carboxyl and phosphate groups located in the cell walls of bacterial cells, the majority of the bacterial cells are negatively charged. Natural organic matter (NOM) or alginate is also negatively charged in aqueous solutions at neutral to high pH [24] . Thus, to prevent adsorption of NOM or alginate on the FO membrane, a strong negatively charged membrane would be ideal, but some of these bacterial structures can still overcome the electrostatic repulsion and result in irreversible attachment. Therefore, a negatively charged membrane may not be sufficient to mitigate biofouling.
Biofouling assessment in FO membrane studies is very limited in applications involving wastewater effluents [25] . Lee et al. [26] compared fouling behaviour in forward osmosis and reverse osmosis, but only organic and colloidal model foulants were used in the experiments. A cake-enhanced osmotic pressure (CEOP)-intensified concentration polarization led to severe flux decline. However, this study only focused on the model of organic and colloidal foulants and biofouling was not discussed at all. Other studies were only limited to silica scaling (or combined inorganic fouling with biofouling) [27, 28] .
Recently, Yoon et al. [29] investigated the biofouling characteristics of the FO process in comparison to reverse osmosis, using Pseudomonas aeruginosa PA01 GFP as model foulant. Results showed that biofouling is less severe in FO than in RO due to lack of hydraulic pressures, but cake-enhanced osmotic pressure (CEOP) is more intense in FO compared to RO due to the reverse diffused salt Water 2019, 11, 695 6 of 37 from the draw solution. The cake layer formed by the entrapped foulants on the FO membrane prevents the back diffusion of salt (salt is trapped by the cake layer), thereby resulting in increased osmotic pressure at the membrane surface, leading to a decline in water flux. Although, CEOP is also a problem in RO, its effects are less pronounced [22] . The biofilm in the FO process appears to be loosely formed and is thicker than the biofilm in the RO process [25] . This finding also agrees with previous study by Mi and Elimelech [30] , in which a loose structure was reported for the fouling layer in the FO process. The biofouling impact on FO membrane was consistent even with different types of membrane materials or membrane structures. This finding; however, is not in agreement with a previous study conducted by Mi and Elimelech [30] , where membrane materials are reported to affect foulant-membrane interactions. The heterogeneous surface of polyamide (PA) membranes make them more susceptible to foulant adsorption than cellulose acetate (CA) membranes [26] . Generally, it is considered that hydrophilic surfaces are more resistant to bacterial adhesion than hydrophobic surfaces [31] . Noting that thin-film composite (TFC) membranes are more hydrophilic than cellulose triacetate (CTA) membranes, under mild fouling conditions, surface heterogeneity becomes a more dominant factor in membrane fouling than surface hydrophilicity [32] . On the other hand, under severe fouling condition in the FO process, membrane surface plays a less important role in promoting membrane fouling. According to Yoon et al. [29] , combined organic and biofouling leads to a substantial flux decline compared to individual biofouling and organic fouling. Organic fouling caused by organic matter derived from microbial cellular debris can be considered as an abiotic form of biofouling, while biofouling is considered as a biotic form of organic fouling [33] .
Organic Fouling
Wastewater contains different organic macromolecules or organic colloids, which can be either hydrophobic (e.g., humic acids), hydrophilic (e.g., polysaccharides) or transphilic, leading to organic fouling [4] . Amongst the different types of fouling, organic fouling is perhaps the most poorly understood [34] . Most studies on organic fouling have used simulated foulants, such as sodium alginate, bovine serum albumin (BSA), Aldrich humic acid, Suwannee River humic acid, etc. However, according to Parida and Ng [35] , simulated foulants would not be representative of actual foulants in real wastewaters.
Several studies have suggested that humic acid fraction of natural organic matter (NOM) is a major foulant that controls the rate and extent of fouling [36] [37] [38] ; while other studies have reported that polysaccharides (hydrophilic fraction) are the main cause of severe fouling in membrane processes [39] . Humic acid is the portion of humic substances in natural organic matter that is soluble in water at high pH but insoluble at low pH (acidic conditions) [35] . The model foulant used as humic acid in most FO experiments is Aldrich humic acid (AHA). The adsorption of humic acid is enhanced in the presence of divalent calcium ions and reverse solute diffusion [40] ; possibly due to electrostatic shielding by divalent cation [35] . Higher deposition of humic acid was found on the membrane when NaCl was used as draw solution (due to its high reverse salt flux) in comparison to MgSO 4 , glucose and urea [40] . However, it was concluded that humic acid did not penetrate into membrane pores [35, 39] . Therefore, it would be safe to conclude that humic acid portion of NOM does not control the rate and extent of fouling and is not a major contributor to internal fouling or pore clogging. On the other hand, it was found that the adsorption tendency of polysaccharides is three times higher than humic acids [41] . According to Fan et al. [42] , the fouling tendency of different fractions in natural organic matter follows the order as shown in Figure 3 . Order of fouling potential of fractioned natural organic matter by Fan et al. [42] . Hydrophilic neutrals have the highest fouling tendency whereas hydrophilic charged have the lowest amongst these.
Mi and Elimelech [43] investigated organic fouling in forward osmosis using model organic foulants bovine serum albumin (BSA), sodium alginate and Aldrich humic acid, and observed a strong correlation between organic fouling and molecular adhesion. The strongest molecular interaction was in alginate due to calcium binding, and it formed a cake layer under all hydrodynamic conditions, whereas the weakest molecular interaction in BSA enabled it to form a cake layer only under favourable hydrodynamics. The behaviour of Aldrich humic acid lay in between BSA and alginate and no cake layer formation was reported in the FO mode. The study also concluded that, before forming a cake layer, fouling is sensitive to intermolecular interactions and hydrodynamic conditions; however, once the cake layer is formed, a strong decline in flux occurs and change in hydrodynamic or intermolecular adhesion have little or no effect on the fouling behaviour. Membrane orientation had no effect on alginate fouling and a similar flux decline was observed in the FO and the PRO mode. AHA and BSA foulants had a more severe flux decline in PRO mode than the FO mode [44] . Parida and Ng [35] reported similar results for strong flux decline in the PRO mode due to organic fouling and less flux decline for FO mode for all organic concentrations in the feed solution tested throughout the whole experimental runs. This again suggests why the FO mode is the most favourable treatment mode for wastewater treatment.
Lee et al. [26] compared fouling behaviour in the FO process and the RO under identical hydrodynamic conditions and feed water chemistries, as well as plate and frame cells with identical channel dimensions. Alginate, Suwannee River humic acid (SRHA) and BSA were used as model organic foulants in the experiments, which represents polysaccharides, natural organic matter and proteins, respectively. For the FO experiments, there was significant decline in flux for alginate and humic acid, while a significantly lower decline in flux was observed for BSA. The decline in flux was mainly attributed to the cake-enhanced osmotic pressure, due to the reverse salt diffusion from the draw solution. The diffused salt is trapped in the cake/gel type layer. It has been proved that a thin fouling layer in salt-rejecting membranes may cause significant flux decline through cake-enhanced salt concentration polarization [10] . This significant flux decline is not due to the resistance of the cake layer, but rather due to enhanced concentration polarization [26] . This implies that fouling combined with reverse salt diffusion is responsible for significant flux decline, and further investigation of ideal draw solute and membranes with better selectivity are needed for an efficient FO process.
According to Lee et al. [26] the main reason that BSA exhibits lower flux decline was due to Homfeister effects, also known as salting in or salting out effects. Due to this effect, the BSA protein undergoes a structural deformation and allows the protein fouling layer to be removed by shear hydrodynamic conditions. The study also found that fouling in the FO is more reversible than fouling in the RO. This is mainly attributed to the loose fouling layer formed in the FO due to the lack of hydraulic pressures.
In order to fully understand organic fouling, further research is needed using real wastewaters, as simulated foulants may not reflect the actual foulants in real wastewater. Reverse salt diffusion hydrophilic neutrals
Hydrophobic acids
Transliphic acids Hydrophilic charged Figure 3 . Order of fouling potential of fractioned natural organic matter by Fan et al. [42] . Hydrophilic neutrals have the highest fouling tendency whereas hydrophilic charged have the lowest amongst these.
In order to fully understand organic fouling, further research is needed using real wastewaters, as simulated foulants may not reflect the actual foulants in real wastewater. Reverse salt diffusion coupled with cake layer formation needs to be investigated for different draw solutes to understand their impact on flux decline.
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Inorganic Scaling
Inorganic scaling is caused mainly by the retention of sparingly soluble mineral salts, such as calcium carbonate, calcium sulphate, barium sulphate, magnesium salts, silica, etc. [44] . When the concentration of these salts in the feed exceeds their solubility at higher water recovery rates, precipitation may occur near or on the membrane surface, leading to scaling of the membrane surface and flux decline [44, 45] . Amongst the various scaling compounds reported in the literature are silica, calcium carbonate, gypsum and calcium sulphate [45] [46] [47] [48] [49] [50] .
Amongst the various inorganic scalants, silica is the most common type of salt that cause scaling in membranes [45] . Silica is abundant in most natural water resources, has low solubility, and when concentrated beyond its solubility limit of approximately 120 mg/L, precipitation may occur and it forms a hard scale which is difficult to remove [51] . Typically, silica scaling is considered to comprise of deposition of silica on membrane surface and the subsequent formation of a silica film through polymerization [45] .
Several studies have investigated silica scaling in forward osmosis [45, 46] ; but literature on silica scaling and cleaning behaviour is rather limited [27] . Mi and Elimelech [45] investigated silica scaling and cleaning behaviour in forward osmosis. RO experiments were also conducted in parallel for comparison purpose. Identical flux decline was observed in the FO and RO under similar hydrodynamic conditions, but flux recovery in the FO process was higher than the RO. Membrane material had also an impact on silica scaling. According to Mi and Elimelech [45] , the cellulose acetate (CA) membrane showed higher recovery rate than polyamide (PA) membranes. The silica layer on the PA membrane was difficult to remove due to the strong adhesion force between the membrane surface and the silica gel.
A recent publication by Xie and Gray [46] also shows the impact of silica scaling on cellulose triacetate (CTA) and thin-film composite (TFC) membranes. The study concluded that the silica scaling mechanisms on the CTA and TFC membranes were largely different. The CTA membrane was more resistant to silica scaling and exhibited a gradual flux decline compared to the TFC membrane. The TFC membrane is characterized by a high density of carboxylic acid functional groups, which leads to its high fouling propensity [46] . The presence of dipoles in carboxylic functional groups allows easy participation in favourable hydrogen bonding interactions [52] . The mono-silicic acid interacts with the carboxyl functional group (Si-O bonding) on the TFC membrane surface, followed by polymerization of silica on the membrane surface, leading to a strong flux decline [45] . It is also well known that calcium binds with carboxylic acid groups easily and can accelerate fouling [27] . Membrane surface chemistry also play a key role in gypsum scaling. Another Study by Xie and Gray [53] concluded that the TFC membrane was subject to more severe gypsum scaling compared to the CTA membrane. Similar findings were reported by Mi and Elimelech [49] , and gypsum scaling of PA membranes were reported to exhibit severe flux decline compared to CA membranes.
Reverse diffusion of draw solutes can also have an impact on membrane scaling. Reverse diffusion of divalent ions, such as Mg 2+ and Ca 2+ , interact with dissolved organic matter present in the feed solution through a bridging effect, significantly affecting cake layer formation and flux decline [54, 55] . Lee and Kim [47] investigated calcium carbonate (CaCO 3 ) scaling on a TFC FO membrane by comparing NaCl and NH 3 -CO 2 as draw solutes. Using NaCl as a draw solute in the presence of Ca 2+ ions in the feed solution, water flux did not decline significantly because Na + and Cl − ions do not chemically react with Ca 2+ ions in the feed. Osmotic backwashing was able to restore the flux to its original, which shows that fouling is reversible when NaCl is used as draw solute. On the other hand, when NH 3 -CO 2 was used as a draw solution, a severe flux decline was observed in the presence of Ca 2+ in the feed, as well as a severe white scaling of CaCO 3 was observed on the membrane active layer due to the reverse diffusion of HCO 3 -ions into the feed side. The high selectivity of the TFC membrane prevented the flux of Ca 2+ ions into the draw side. The HCO 3 − ions chemically react with Ca 2+ ions to form CaCO 3 scaling on the active layer of the membrane.
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Colloidal Fouling
Colloidal fouling is a persistent problem in many membrane processes and is caused by colloidal particles [56] . Colloidal particles are small negatively charged particles, which are intermediate in size, between suspended solids and true dissolved solids [57] . The source of colloids in feed water often includes clay, silica, corrosion products and bacteria. These particles, when concentrated on a membrane surface, leads to poor productivity of the FO system and sometimes salt rejection of the membrane.
Boo et al. [58] investigated colloidal fouling in FO by using suspension of silica nanoparticles as model colloidal foulants. Results suggested that salt, due to reverse diffusion, accumulate on the fouling layer formed by the colloidal particles and increase the cake-enhanced osmotic pressure, leading to reduction in net osmotic driving force and permeate flux. Physical cleaning with high cross flow velocity was able to restore the flux, which shows that colloidal fouling is reversible in FO; however, when particles aggregate under conditions of high salt concentration, due to reverse salt diffusion and high feed solution pH, flux was not recovered.
Factors Affecting FO Membrane Fouling and Performance

The Critical Flux Concept and Impact of Flux on Fouling in Forward Osmosis
The critical flux concept states that significant membrane fouling occurs only if the flux is above some critical value [59] or the permeate flux, at which an irreversible deposit on the membrane surface appears [60] . In more general definition, is the first permeate flux at which fouling becomes noticeable [61] . Until now, very few FO publications ( Figure 4 ) discuss the relationship between critical flux and fouling behaviour. Wang et al. [62] demonstrated that the critical flux concept in pressure-driven membrane processes could also be applied to osmotically-driven membrane processes, such as the FO process. Wang and his co-workers carried out a direct microscopic observation of the FO process using latex particles as a model foulant. The observations revealed that at a flux of 15 L/m 2 h, surface coverage of the membrane by the foulant was negligible. At a flux of 28 L/m 2 h, a small amount of coverage appeared on the FO membrane. When the flux value exceeded 41 L/m 2 h, the surface coverage by the latex particles was drastically increased. This suggested that the critical flux value of the FO process was somewhere close to 28 L/m 2 h.
According to Zou et al. [59] , the critical flux value in the FO process is decreased when draw solution containing divalent ions such as MgCl 2 is used as draw solution. On the other hand, when NaCl was used as a draw solution, significant flux decline was not observed for flux as high as 30 L/m 2 h. Some researchers have associated critical flux value with a critical draw solution concentration (concentration of draw solution bove which significant fouling occurs) [59, 63] . Interestingly, while the presence of divalent calcium ions in the feed solution exacerbate fouling, keeping the initial flux value below the critical flux will have negligible effect of calcium ions on fouling behaviour [64] .
Feed spacer and membrane orientation also have a significant impact on critical flux behaviour in the FO process [62, 63] . Feed spacers are reported to enhance critical flux significantly [62] . According to Wang and his co-workers [62] , critical flux was enhanced to about 52 L/m 2 h in the presence of feed spacer, whereas in the absence of feed spacers, a critical flux of 28 L/m 2 h was observed. In the absence of feed spacer, the membrane will experience a severe external concentration polarization (ECP), which can indirectly promote internal concentration polarization (ICP) and thus lead to a dramatic flux decline [62] . The high fouling propensity of the membrane in the PRO mode, and low fouling propensity in the FO mode, can also be explained in terms of critical flux. At a similar baseline flux value, significant fouling deposition and flux decline is observed in the PRO mode, whereas for the same membrane, less fouling deposition and stable flux is achieved in the FO mode [63] . Similar results were reported by Wang et al. [62] and Zhao et al. [65] . The impact of different spacer designs, feed spacer location, and impact of operating parameters on critical flux behaviour is still unknown and can be future work on the FO process. According to Zou et al. [59] , the critical flux value in the FO process is decreased when draw solution containing divalent ions such as MgCl2 is used as draw solution. On the other hand, when NaCl was used as a draw solution, significant flux decline was not observed for flux as high as 30 L/m 2 h. Some researchers have associated critical flux value with a critical draw solution concentration (concentration of draw solution bove which significant fouling occurs) [59, 63] . Interestingly, while the presence of divalent calcium ions in the feed solution exacerbate fouling, keeping the initial flux value below the critical flux will have negligible effect of calcium ions on fouling behaviour [64] .
Feed spacer and membrane orientation also have a significant impact on critical flux behaviour in the FO process [62, 63] . Feed spacers are reported to enhance critical flux significantly [62] . According to Wang and his co-workers [62] , critical flux was enhanced to about 52 L/m 2 h in the presence of feed spacer, whereas in the absence of feed spacers, a critical flux of 28 L/m 2 h was observed. In the absence of feed spacer, the membrane will experience a severe external concentration polarization (ECP), which can indirectly promote internal concentration polarization (ICP) and thus lead to a dramatic flux decline [62] . The high fouling propensity of the membrane in the PRO mode, and low fouling propensity in the FO mode, can also be explained in terms of critical flux. At a similar baseline flux value, significant fouling deposition and flux decline is observed in the PRO mode, whereas for the same membrane, less fouling deposition and stable flux is achieved in the FO mode [63] . Similar results were reported by Wang et al. [62] and Zhao et al. [65] . The impact of different spacer designs, feed spacer location, and impact of operating parameters on critical flux behaviour is still unknown and can be future work on the FO process.
Effects of Hydrophilicity, Charge and Morphology on FO Membrane Fouling
Generally, if water contact angle is less than 90°, the surface is considered hydrophilic and if the contact angle is greater than 90°, the surface would be hydrophobic. A contact angle of 0° would ideally result in complete hydrophilicity or wetting of the surface. Hydrophilic enhancement of TFC FO membrane is an effective approach to improve FO membrane performance [66] , and resilience against fouling. It is generally assumed that increasing hydrophilicity of a membrane will provide more opportunity for water rather than foulants to chemically associate with a membrane surface [67] . Increasing hydrophilicity of a membrane is preferred over decreasing the thickness, because it can selectively increase the water flux without an increase in reverse salt flux [68] . A number of studies have focused on modifying the support layer of TFC FO membrane by incorporating 
Generally, if water contact angle is less than 90 • , the surface is considered hydrophilic and if the contact angle is greater than 90 • , the surface would be hydrophobic. A contact angle of 0 • would ideally result in complete hydrophilicity or wetting of the surface. Hydrophilic enhancement of TFC FO membrane is an effective approach to improve FO membrane performance [66] , and resilience against fouling. It is generally assumed that increasing hydrophilicity of a membrane will provide more opportunity for water rather than foulants to chemically associate with a membrane surface [67] . Increasing hydrophilicity of a membrane is preferred over decreasing the thickness, because it can selectively increase the water flux without an increase in reverse salt flux [68] . A number of studies have focused on modifying the support layer of TFC FO membrane by incorporating hydrophilic functionalized nanomaterials, such as graphene oxide, carbon nanotubes, titanium dioxide and silica nanoparticles [66] . Some of these studies are listed in Table 2 . One study found that the higher the titanium dioxide loading on the Psf-TiO 2 substrate of a TFC membrane, the lower the contact angle (high hydrophilicity) and greater the porosity [69] . However, higher loading of the nanoparticles compromised the NaCl rejection of the membrane. A simpler way to increase hydrophilicity of a membrane is by using coatings of hydrophilic polymers like PVA (polyvinyl alcohol). However, to render PVA stable in aqueous phase it must be cross linked with another material, such as glutaraldehyde, to reduce its water solubility [66] . Hydrophilic polymers, such as PVA, PVP (polyvinyl pyrrolidone) and PEG (polyethylene glycol), often act as pore formers and improve hydrophilicity of the membrane surface [67] The surface charge of a membrane also plays a vital role in fouling. Most natural organic matter (NOM), proteins and colloidal particles are negatively charged in aqueous solution at high pH [24] ; the presence of negatively charged groups on a membrane surface can electrostatically repel these foulants. However, to achieve high resistance to biofouling, by both positively and negatively charged foulants, a neutrally charged surface with high hydrophilicity is preferred [67] . Some researchers have fabricated hollow fibre FO membranes with positively charged NF-like skin using polyamide-imides [70] . Compared to a neutral membrane, the positively charged membrane provided double isoelectric points to the salt transfer through the membrane in the FO mode, leading to a reduced salt penetration, whereas in the PRO mode the positively charged surface facilitated salt transportation. Controlling the support layer morphology during membrane fabrication can significantly enhance performance of FO membrane [85] . Membrane surface morphology also has a great influence on foulant-membrane interaction [43] . TFC FO membranes fabricated with a sulphonated material in the substrate can exhibit a fully sponge-like (if 50% sulphonated material) or finger-like structure (if less than 50%) [86] . Such membranes have increased hydrophilicity and good flux and antifouling behaviour. A fully sponge-like structure with good antifouling properties is preferred for long-term stability of the membrane [86] ; while a finger-like morphology with large macrovoids has been proved to maximize porosity [87] .
Other Factors Limiting Membrane Performance
Besides fouling of the membrane, there are a number of other factors that limits forward osmosis membrane performance and, hence, cause reduction in permeate flux across the semi-permeable membrane. Due to these factors, the water flux is much lower than anticipated, based on the osmotic pressure difference between the draw and feed side and the water permeability coefficient of the membrane. Water flux is of critical importance in all osmotic-driven membrane processes and, according to Lay et al. [88] , flux determines the productivity and, ultimately, the viability of the process.
In osmotic-driven membrane processes, concentration polarization can take place on both sides of the membrane [89] . On the feed side, the solute is concentrated at the membrane surface. This is referred to as concentrative external concentration polarization or CECP. CECP is similar to concentration polarization in pressure-driven membrane processes [90] . On the draw side, the solute is diluted at the membrane surface and is referred to as dilutive external concentration polarization or DECP. In most flux models for FO, the effects of ECP are assumed to be negligible because of low fluxes, high mass transfers [1] and no hydraulic pressures [90] . It has been shown that ECP plays a minor role in osmotic-driven membrane processes compared to pressure driven membrane processes, and is not the main cause of flux decline in osmotic-driven processes [91] . ECP effects were ruled out when NaCl dissolved in deionized water was used as the feed solution in the study conducted by McCutheon et al. [91] ; however, ECP severely impact feeds with high total dissolved solids [1] . Waste from different industries, such as food processing, mining operations, oil and gas operations, power plants, landfills and pharmaceutical manufacturing are large sources of total dissolved solids (TDS). According to a research by Wang et al. [92] , the dominant factor for osmotic pressure drop in FO is internal concentration polarization (ICP); however, the effects of ECP cannot be ignored when treating high salinity solutions using FO. Therefore, ECP effects should be considered when treating complex feeds such as wastewater.
It is generally known that high cross flow velocities, turbulence or manipulating the water flux can mitigate ECP [93] . According to Gruber et al. [94] , increasing the cross flow velocities reduces ECP at the membrane, which in turn leads to higher permeate flux, and significant ECP is observed on the draw side when cross flow velocity is less than one meter per second, whereas ECP on the feed side is insignificant using realistic cross flow velocities. Results from this study further revealed that concentrative ECP on the feed side would only become significant when cross flow velocity on the feed side is almost comparable to membrane flux. Simulations done in this study showed that ECP is more significant when low cross flow velocities are used and mass transfer promoting spacers are absent. It must be kept in mind that increasing cross flow velocities entail additional energy consumption [95] . Another way to reduce the effects of ECP is by manipulation of flux. But since water flux in FO is already low, the ability to diminish ECP effects by reducing flux is limited [90] .
While ECP can be mitigated by high cross flow velocities and well-designed hydrodynamics, as discussed above, internal concentration polarization, or ICP, occurs inside the porous support layer in asymmetric membranes and is challenging to mitigate by simply changing cross flow velocities or hydrodynamics. ECP occurs in both pressure-driven and osmotic-driven membrane processes, on the other hand ICP is exclusive to FO [96] . ICP is considered a major challenge in FO and it leads to reduced water flux and increased reverse salt diffusion [1] . ICP can be further categorized into concentrative internal concentration polarization, or CICP, and dilutive internal concentration polarization, or DICP.
When the active layer faces the feed solution (AL-FS mode or FO mode), the water permeates through the porous support layer and dilutes the draw solution inside the support layer, this leads to dilutive internal concentration polarization, or DICP. At the same time, concentrative ECP is present on the active layer in the FO mode. On the other hand, when the active layer faces the draw solution (AL-DS mode or PRO mode), as water permeates through the membrane the solutes are concentrated inside the porous support layer, giving rise to concentrative internal concentration polarization, or CICP. At the same time, dilutive ECP takes place on the active layer.
Several researchers have investigated the use of ultrasound waves to mitigate internal concentration polarization. One such effort was done by Choi et al. [97] using frequencies of 25, 45 and 72 KHz over an output power range of 10-70 W. Experimental results indicated that ultrasound can only mitigate the adverse effects of ICP, but cannot overcome it completely. Another effort using ultrasound was done by Heikkinen et al. [98] , in which a novel ultrasound-assisted forward osmosis system was developed. The study demonstrated that sonification was effective to mitigate ICP and enhance water flux (35 LMH with ultrasound and 20 LMH without ultrasound for TFC membrane using sodium sulphate as DS). However, using ultrasound waves had drawbacks in both the works mentioned above. In the first study by Choi et al. [97] , membrane damage was reported at frequency of 25 KHz, regardless of the intensity. In the second publication by Heikkinen et al. [98] , high water flux was accompanied by high reverse salt flux. Several studies have associated high reverse salt flux with membrane damage as well [12, [99] [100] [101] .
Alternatively, use of spacers have been investigated to overcome ICP effects in the FO. According to Hawari et al. [102] , CICP could be mitigated by using a spacer and increasing feed solution flow rate, and DICP is aggravated by increasing draw solution flow rate. Zhang et al. [95] investigated the effect of spacer location to mitigate dilutive ICP without energy input. Results demonstrated that placing the spacer (1 × 1 mm) in the draw channel, with one end of spacer connected to the membrane, can mitigate DICP, and placing a spacer in both feed and draw channels, with one end connected to the membrane, can be a method to reduce the effects of CECP and DICP in the FO mode. The location of placing a spacer; however, seems controversial, as another study by Wang et al. [92] recommends placing a small spacer in contact with the active layer in the feed channel and 2.7 mm away from the support layer in the draw channel. However, spacers are reported to induce membrane deformation in FO in presence of gypsum scaling [100] and PRO [12] under high pressures, while increasing feed solution flow rate leads to loss in recovery rate [103] .
There has been tremendous research done in the field of membrane fabrication to reduce the effects of ICP. These efforts are using double-skinned membranes, nanofiber composite membranes, increasing hydrophilicity of membranes, increasing porosity, reducing thickness of support layer or reducing the tortuosity of the support layer [69, 84, [104] [105] [106] [107] [108] [109] . Several researchers have investigated the use of symmetric FO membranes in which the support layer is eliminated completely, resulting in no internal concentration polarization [110] . Porous single layer graphene oxide membranes also exhibited zero internal concentration polarization and high water flux (three times higher than cellulose triacetate FO membrane) [111] . However, thin membranes exhibit low mechanical strength and may require frequent replacement in the event of damage. Apart from this, most novel membrane fabrication techniques are quite expensive, time consuming, require a long time to scale up and have intricate processes [95] ; therefore a simple, effective and efficient way needs to be investigated to minimize ICP in future forward osmosis applications.
In forward osmosis, water permeates from the feed side to the draw side due to the high osmotic pressure of the draw solution. However, no membrane is perfect and a small amount of draw solute also diffuses back to the feed side [112] . This phenomenon occurs because of the high concentration difference between the draw solution and the feed solution [113] and is; therefore, inevitable in the FO process [114] . As a result of this reverse salt diffusion, there is a decrease in the net driving force across the membrane and, hence, reverse salt diffusion is considered a major bottleneck in the FO operation.
Reverse salt diffusion is a unique mass transport phenomena, which has a potential to impact FO membrane fouling [115] . Wastewater contains a variety of foulants depending on the type of wastewater used. Major foulants in impaired water are microorganisms, organic matter and in-organic matter [1] . All these foulants have tendency to form a fouling/gel-type layer on the membrane surface. Once salt diffuses from the draw side to the feed side, it accumulates on the fouling layer formed on the membrane surface, leading to a net reduction in driving force and permeate flux decline. Lee et al. [26] suggests that this reduction in water flux, due to reverse salt diffusion, is mainly due to a cake-enhanced osmotic pressure rather than increased resistance of the fouling layer formed on the membrane. Reverses salt diffusion in the FO exacerbates the cake-enhanced osmotic pressure within the fouling layer, leading to an elevated osmotic pressure on the feed side, as a result of which there is a net reduction in driving force and, hence, leads to substantial flux decline.
In forward osmosis, reverse salt diffusion is generally attributed to two main factors, the type of draw solution and the selectivity of semi-permeable membrane used. An ideal draw solute for forward osmosis should have osmotic pressure high enough to promote a high water flux across the membrane and to limit reverse salt diffusion [116] . According to Achilli et al. [117] , the lowest reverse salt flux is exhibited by draw solutions containing larger-sized hydrated anions, such as MgSO 4 , KHCO 3 , NaHCO 3 , Na 2 SO4, (NH 4 ) 2 SO 4 and K 2 SO 4 , regardless of their paired cations, and reverse salt diffusion through the negatively charged CTA membrane is likely controlled by the anion hydrated size. Based on the solution diffusion mechanism for transport through a semi-permeable FO membrane, it is likely that cations and anions pass through the membrane as a pair to maintain electro-neutrality [118, 119] . However, NH 4 HCO 3 showed the highest reverse salt flux despite larger size (450 × 10 −12 m) of HCO 3 − anion and KHCO 3 , as well as NaHCO 3 exhibited the lowest reverse salt flux, which shows that reverse salt flux is not dependent on the size of hydrated anion, or cation, rather overall molecular size of the solute may be a factor. For instance, draw solutions with high molecular size, such as TMA-CO 2 [120] , has less reverse salt diffusion compared to NH 3 -CO 2 and; therefore, draw solutes which have high osmotic pressure and large molecular sizes needs further investigation to minimize reverse salt diffusion issues. Reverse diffusion is also a crucial factor to consider when draw solutions containing nitrogen and phosphorous are used, as these cause eutrophication in the receiving water environment [121] . In fertilizer-driven forward osmosis, by Phuntso et al. [121] , (NH 4 ) 2 SO 4 exhibited the lowest reverse salt flux, whereas NH 4 NO 3 showed the highest reverse solute flux amongst the selected fertilizers. The lowest flux of NH 4 NO 3 was attributed to the smaller hydrated diameter of both ions. Reverse diffusion of draw solutes have also an impact on fouling, as well as fouling reversibility in forward osmosis. Reverse ionic flux by NaCl is also reported to promote humic acid fouling [40] , and divalent cations, such as Ca 2+ and Mg 2+ , are shown to promote organic fouling in comparison with monovalent, such as Na + [63] . Moreover, another study reports that the reverse diffusion of draw solutes (especially divalent cations) can change the feed solution chemistry and promote alginate fouling [122] . Additionally, reverse permeation of divalent cations results in dramatically different biofouling behaviour [115] .
While fouling in FO is reversible using simple physical cleaning, reverse diffusion of salt can hinder the reversibility [58] . Therefore, in selecting draw solutes for forward osmosis, the reverse diffusion of draw solutes into the feed side, and the risk of induced fouling should be evaluated [122] . Membranes with high selectivity should be coupled with the selected draw solute to reduce reverse salt flux and fouling in forward osmosis.
In an effort to reduce reverse salt flux and internal concentration polarization, Zhang et al. [123] investigated a phase inversion process of CA membranes by introducing different casting conditions and coagulant baths. Membranes with ultra-thin selective layer and a fully support layer were fabricated. Amongst the different membranes, the double-dense layer membrane exhibited the lowest reverse salt flux of about 1 g/m 2 h, which implies its great suitability for seawater desalination and wastewater treatment. Another novel approach that has recently attracted some attention is assisted forward osmosis, also known as AFO. AFO has been recently investigated and claimed to reduce reverse salt flux [124] . Though careful considerations should be given to keep membrane integrity, AFO seems promising in minimizing reverse salt leakage and enhancing water flux in forward osmosis.
Coupled Effects of Concentration Polarization and Fouling on Flux Behavior in Forward Osmosis
Concentration polarization and fouling are the main factors responsible for flux decline in the FO process. Tang et al. [125] systematically investigated the coupled effects of ICP and fouling on flux in the FO process. Results revealed that the stable flux in the FO mode is at the expense of severe initial ICP, whereas the PRO mode under fouling condition is subject to pore clogging of the support layer, which enhance the effects of ICP and CEOP and reduce the membrane permeability. However, this study did not explore the combined effects of external concentration polarization (ECP) and fouling on flux decline in the FO process. The effects of ECP cannot be ignored in the FO process when treating high saline streams or feeds with high fouling propensity, such as wastewater. Particularly in the FO mode, the effect of concentrative ECP on the feed side is higher when feeds with high total dissolved solids (TDS) are used [126] . According to Parida and Ng [35] , in the PRO mode, increasing organic foulants concentration in the feed solution increased external concentration polarization effects at the membrane surface, leading to more severe organic fouling and flux reduction. On the other hand, increasing organic loading in the feed solution had minimal impact on flux decline in the FO mode. It should be noted that in the FO mode, a high cross flow velocity of 50 cm s −1 was used in this study, and hence the effect of ECP was negligible.
Fouling in a broad scope could be caused by cake-enhanced osmotic pressure, concentrative CP on the feed, reverse salt flux, or even due to the dilution of draw solution. Information about the type of feed and draw solution should be available in order to understand the reason for water flux. Several lab size FO tests are performed on NaCl draw solution and DI feed water and, hence, decline in water flux is mainly due to CP. In general, ionic draw solution prepared in lab, such as NaCl, has very low fouling propensity, but ion diffusion across the membrane and reaction with organic and inorganic matters in the feed solution may cause fouling problems. Scaling is also possible when there is an interaction between the components of DS and FS, due to diffusion across the membrane. Membrane charge and surface morphology are responsible for membrane fouling, as demonstrated in experimental studies.
The best approach to minimize fouling; therefore, should be through conducting a pilot study to understand the best of operating parameters and membrane options. This includes type and concentration of DS, type of FO membrane, recovery rate, pre-treatment, etc. This approach is similar to pilot studies in commercial RO desalination plants that are carried out before RO plant design and commissioning. Pilot studies will help to avoid any major problems and provide skills for trouble shooting. In case of commercial FO plants, pilot studies are recommended to select the type and concentration of DS, membrane type and any other requirements, such as pre-treatment.
Fouling and Fouling Mitigation in Osmotic Membrane Bioreactor (OMBR)
Osmotic membrane bioreactor (OMBR) has recently gained popularity due to its low fouling propensity and ability to produce high-quality water from wastewater [127] . However, the performance of OMBR is hampered by fouling. The fouling mechanism in the OMBR is more complicated than the direct FO due to the nature of activated sludge, as it contains a variety of foulants and microorganisms [128] . Long-term investigation of fouling mechanism in the FO and OMBR revealed that flux decline is more severe in the direct FO than in the OMBR [129] . The severe flux decline in the direct FO is due to severe organic, inorganic and biofouling [130] . Short term investigation (7-8 h) of the OMBR operation revealed that both reversible and irreversible fouling are absent, even with different types and concentrations of draw solutions, when the active layer faces the feed solution and the system is operated at low water flux [131] . However, it should be pointed out that, in short term operation of the OMBR, there is very little salt accumulation in the bioreactor [127] , and membrane fouling in the OMBR is strongly affected by elevation in salinity [132] .
In conventional membrane bioreactors (MBRs), biofouling is a major cause of irreversible membrane fouling in both Reverse osmosis (RO)/ultrafiltration (UF) membranes [131] . Similarly, amongst the various forms of fouling in the OMBR, biofouling is one of the most challenging issues limiting the feasibility of the OMBR for treatment of wastewater [133] . The FO membrane in OMBR is in a direct contact with high fouling propensity feeds, such as activated sludge or highly complex liquids, which makes biofouling inevitable [134] . Biofouling is further exacerbated by the high salinity environment in the OMBR, as growth rate of microorganisms can increase in high saline environments [135] . According to Yuan, et al. [136] the biofouling layer on the FO membrane surface in the OMBR can be divided into three stages. The first stage involves deposition of EPS (including polysaccharides and proteins) on the membrane surface. In the next stage, the cells are embedded in a matrix of EPS and they form clusters creating a biofouling layer. Lastly, the cluster of EPS and microorganisms increase dramatically leading to an increase in the biofouling layer. However, increasing the operating time of the OMBR led to a decrease in the growth, and the EPS and microorganisms were easy to detach from the fouling layer [66] . One study revealed that the amount of microorganisms that stick to the membrane surface can be decreased by increasing the aeration rate, as only those microorganisms that can withstand the high aeration will stick to the membrane surface [135] .
Apart from biofouling, dissolved organic and inorganic contaminants retained in the OMBR also lead to membrane fouling [128] . Overall flux decline in the OMBR is mainly attributed to biofouling and organic fouling [137] . A pool of organic substances, known as biopolymer clusters (BPC), have profound effects on filtration resistance in MBRs [138] . Besides organic fouling, when salt accumulates in the OMBR, inorganic scaling is promoted by inorganic minerals, especially in the PRO mode, where feed solutes also experience a severe concentrative internal concentration polarization [49, 139] .
Compared to conventional MBR, flux in the fouled OMBR can be restored by the osmotic backwashing method (short-term operation 28 days) [131] . Long-term operation (70 days), on the other hand, suggests that flux recovery can be significantly lower (10.60% flux recovery after hydraulic cleaning and 18.54% after chemical cleaning) [61] . Acid cleaning has also proved to be an effective technique to restore the flux in the fouled FO membranes in the OMBR operation [128] . For long-term steady flux in the OMBR, air scouring at the feed side of the membrane is very effective [140] . While flux decline in a direct FO is more severe than in an OMBR, hydraulic and chemical cleaning is more effective in restoring flux in direct FO than OMBR [129] .
The low water flux is the biggest limiting factor in the OMBR compared to conventional MBR, and affects its economic viability [135] . Commercially available membranes, such as CTA and TFC FO membranes, are not suitable for long-term operation in the OMBR, as prolonged exposure to activated sludge can cause biodegradation of these membranes [141] . This statement is contradicted by another study in which the researchers concluded that FO membranes (CTA and TFC) are suitable for long-term operation of the OMBR and can perform under a variety of activated sludge conditions [137] . The duration of this study was only 100 days, whereas in the first study [70] , biodegradation of membranes was reported after seven months of operation. Therefore, it would be safe to conclude that novel membrane materials are required for long-term operation of OMBR and commercial FO membranes are not suitable for long-term operation (over seven months).
Fouling Mitigation in Direct FO
Several studies have reported that fouled FO membranes can be easily cleaned by a simple change in the hydrodynamic conditions, without using any chemical agents [26, 30, 142] . Most of these studies have used model foulants and fouling exhibited reversibility by changing the hydrodynamic conditions, such as high cross flow velocity flushing with DI water. However, when treating complex feeds such as wastewater, fouling cannot be mitigated by merely changing hydrodynamic conditions and chemical cleaning is required [143, 144] . This irreversibility is caused by the presence of divalent calcium and magnesium ions in the feed or draw solution [63] . Yoon et al. [29] conducted his study on biofouling in the presence of calcium chloride (CaCl 2 ) and alginate in the feed. The study concluded that physical cleaning was not effective to restore the flux completely and only chemical cleaning with chlorine was able to do complete flux recovery. However, chlorine as a chemical will add extra cost to the FO process and not all membranes, especially PA membranes cannot tolerate chlorine attack, while CTA membrane is more resistant to chlorine.
Alternatively, a more effective way to limit biofouling in forward osmosis is phosphate limitation [145] . Phosphate limitation in relation to microbial growth or biofouling has been widely reported in the field of wastewater [146] [147] [148] . Phosphorus is often present in wastewater in very low concentrations in the form of inorganic phosphates [149] . Removal of phosphate can be achieved with a variety of materials, such as activated red mud, fly ash, iron oxide tailings and natural adsorbents [145, [149] [150] [151] . Adsorbents are reported to have lower removal efficiency and high cost [152] . Chemical precipitation is one of the most common and widely used techniques in the industry for phosphate limitation. However, it has several drawbacks, such as disposal problems, high maintenance cost and the need for the neutralization of the treated water [153] . Limiting phosphate in the feed water in the FO process can hinder microbial growth and biofilm formation compared to phosphate sufficient conditions [145] .
Several other researchers proposed chemical cleaning protocols for wastewater-fouled TFC FO membranes. Wang et al. [154] used alkaline cleaning (0.1% NaOH/0.1% sodium dodecyl sulfate (SDS) mixture followed by acid cleaning (2% citric acid or 0.5% HCl), and was claimed to be the most effective cleaning protocol. Lv et al. [144] tested five different protocols for real wastewater-fouled membranes, as shown in Table 3 . Chemical cleaning with surfactant was the most effective way to restore the flux completely in this study. Chemical cleaning; however, is not ideal, as it entails extra energy consumption and alternatives should be investigated. Moreover, the effectiveness of chemical cleaning is potentially constrained by the compatibility of the membrane material with the chemical agent [34] . Organic Soluble algal product Fouling in FO can also become irreversible when colloidal particles aggregate under conditions of high salt concentration due to reverse salt diffusion and high feed solution pH [58] . According to Boo et al. [58] , in the absence of particle destabilization, colloidal fouling is reversible in the FO process. However, colloidal fouling causes severe flux decline and is harder to clean physically compared to inorganic fouling [50] . Kim et al. [160] also argues that, while individual colloidal and organic fouling exhibits complete reversibility in the FO, combined organic-colloidal fouling shows less reversible behaviour, particularly in the presence of Ca 2+ ions. Fouling due to colloidal particles can be minimized by providing an efficient pre-treatment to feed solution, which guarantee its removal from the feed solution. The ultrafiltration and microfiltration membranes demonstrated high efficiency for the removal of colloidal particles from feed solutions. Nowadays, many wastewater treatment plants use MBR technology for treatment, which warrants the removal of colloidal particles from the treated effluent.
Membrane material also play a key role in controlling fouling and cleaning behaviour in both the FO process and the RO, because of the foulant-membrane interaction [30] . According to Lay et al. [88] , TFC membranes are more vulnerable to fouling than CTA membranes. PA membranes have higher fouling potential than CA membranes, mainly because of vulnerable sites on the PA membranes that cause more adsorption of foulants [30] . The fouling of TFC membranes is exacerbated further in the PRO mode. However, the osmotic backwash technique for cleaning the membrane is surprisingly found to be more effective for TFC than CTA membranes [88] . Similar findings are also reported in a study by Li et al. [27] , in which physical cleaning was effective in restoring the flux of the TFC membrane, while the CTA membranes exhibited irreversible fouling.
Zhao et al. [65] investigated the effects of membrane orientation on FO performance under the conditions of no fouling, organic fouling and inorganic fouling. Results suggested that the selection of membrane orientation is influenced by the composition of feed solution and the concentration degree. When treating complex or high saline streams, the FO mode provides a more stable and higher water flux compared to the PRO mode. Additionally, lower fouling but high cleaning efficiency is observed in the FO mode. Therefore, for treating complex feeds such as wastewater or high salinity seawater, the FO mode is preferred, whereas the PRO mode is preferred for solutions with low fouling tendencies, such as brackish water desalination, or where concentration is unnecessary, such as power generation. Another study conducted by Jin et al. [161] showed that inorganic contaminants were rejected at a much higher rate in the FO mode than the PRO mode. According to Tang et al. [125] , in practical applications such as OMBR, the PRO mode is impractical, mainly due to the high fouling environment. Therefore, we can claim that the FO mode is the preferred mode for wastewater or high saline water treatment.
Feed spacers can also minimize fouling propensity. Zou et al. [63] investigated the use of feed spacers using microalgae Chlorella sorokiniana as the model foulant. Spacers enhanced the initial flux performance and reduced the fouling deposition of microalgae on the FO membrane. The spacer thickness also plays a role in minimizing biofilm formation. Thicker spacers are reported to have better performance than thinner spacers. According to a study conducted by Valladares Linares et al. [162] , thicker spacers reduce the impact of biofilm on FO membrane performance. However, thicker spacers in the presence of lower cross flow velocities are reported to promote organic and colloidal fouling and reduce permeate flux [3] .
Recently, Gwak and Hong [163] suggested the use of an anti-scalant-blended draw solution to minimize reverse salt diffusion and for FO scaling control. Gypsum was used as a model scalant and an anti-scalant-blended draw solution, containing a mix of NaCl and PAspNa (poly aspartic sodium salt), was examined. Results demonstrated that the blended draw solution, with the anti-scalant, minimized the loss of draw solute significantly compared to the NaCl draw solution, and gypsum scaling was controlled. The problem with adding scale inhibitors; however, is that it will increase the operation costs [164] .
Effectiveness of Cleaning Strategies for Fouled FO Membranes
The easiest way to clean fouled FO membranes is by flushing it with DI water using high cross flow velocity. Some researchers have used 50 mM NaCl solution instead of DI water as well and it was found that both methods (DI water or 50 mM NaCl) results in flux recovery [30] . This method has been used by several researchers for fouling reversibility (Table 4) . However, when fouling is intense (biofouling, NOM fouling, transparent exopolymer particles fouling), increasing cross flow velocity is not an effective method to restore the flux, and chemical cleaning is required [29, 165, 166] . Different chemicals used by different researchers for fouled FO membranes are listed in Table 4 along with their properties. However, chemical cleaning can damage the membrane and is not recommended. For instance, TFC membranes in general cannot tolerate oxidizing agents such as chlorine or Alconox [167] . Chemical cleaning can also shorten membrane life, has environmental constraints due to waste chemical disposal and can increase operational costs [168] . Apart from these disadvantages, some researchers have claimed that chemical cleaning can only remove or dissolve the cake-or gel-type fouling layer and cannot remove foulants inside the membrane pores [169] . [171] Another popular cleaning method for osmotically-driven membrane processes known as osmotic backwashing has been used by several researchers in direct FO and OMBR (Table 3) . Osmotic backwashing is a physical cleaning method in which the direction of water flow across the semi-permeable membrane is reversed, thus effectively detaching any foulants that are attached to the membrane surface [169] . Usually, the draw solution is replaced with DI water. The permeation of water back into the feed side remove foulants attached to the membrane surface. In some studies, the feed solution is replaced with 100 g/L NaCl and draw solution with DI water [170] . Both streams are circulated for about 20 or 30 min, thereby detaching any foulants deposited on the membrane surface. In severe fouling condition (oil and gas wastewater), a direct observation, over the microscope, of the osmotically-backwashed membrane revealed that loosely bound foulants were effectively removed; however, those sorbed to the membrane surface were not entirely removed by osmotic backwashing [171] . Another study by Valladares Linares et al. [172] , using synthetic municipal wastewater as feed, revealed that osmotic backwash removed all organic foulants from the membrane surface, but did not restore the flux completely. Thus, it would be safe to conclude that osmotic backwashing cannot guarantee 100% flux recovery in severe fouling conditions. Blandin et al. [158] introduced an extended osmotic backwashing method. The FO membrane in this study was fouled with alginate, humic acid and calcium chloride model foulants. Extended osmotic backwashing is carried out for a long duration (1 h) and with a high cross flow velocity. Blandin and his co-workers concluded that extended osmotic backwashing was more efficient than a two-step consecutive osmotic backwashing method. However, the effectiveness of this method with real wastewater-fouled membranes has not been tested yet. Arkhangelsky et al. [8] investigated cleaning protocols for fouled flat sheet and hollow fibre membranes in the PRO mode. Hydraulic backwashing (backwashing with ultrapure water at a pressure of 1 bar) was compared with osmotic backwashing and surface flushing. Amongst these, only hydraulic backwashing was able to restore the flux, 75% for a flat sheet membrane and 100% for hollow fibres.
Air scouring is another effective and widely used technique for fouling mitigation, especially in OMBR [140] . Cleaning the FO membrane by air scouring with clean water has proved to restore 98% flux [173] . Air scouring has also proved to be an effective mitigation technique for natural organic matter fouling (90% recovery of flux) [166] . For biofouling control, air scouring can mitigate biofilm growth [174] ; however, it grows back rapidly under favourable conditions [175] . Air scouring is also an expensive cleaning protocol and can be a serious drawback to the economic sustainability of the FO process [158] .
Other methods for fouling mitigation include turbulent promoters, such as the pulsed flow method and feed spacers. The pulsed flow method has also been used for fouling control in the FO process [159] . However, like flushing with high cross flow velocity, pulse flow cannot mitigate pore clogging [176] .
In-Situ and Real-Time Fouling Monitoring Techniques
A range of in-situ real-time fouling monitoring techniques can be used to gain a better understanding of the mechanism and fouling layer formation on the FO membrane. These methods include, but are not limited to, direct observation through the membrane (DOTM), ultrasonic time domain reflectometry (UTDR), nuclear magnetic resonance (NMR), optical coherence tomography (OCT), electrical impedance spectroscopy (EIS) and confocal laser scanning microscopy coupled with multiple fluorescent labelling.
Direct Observation over the Microscope (DOTM)
In forward osmosis, some researchers have used optical microscopy for characterizing fouling of the membrane [62, 64] . Direct observation over the membrane (DOTM) is a highly sensitive method to detect fouling deposition on the membrane surface; such small deposition cannot be registered with flux measurement [63] . The first direct microscopic observation to systematically investigate fouling, conducted by Wang et al. [62] using latex particles as model foulants, revealed that foulants usually get trapped in rough surface areas of the membrane, and increasing the draw solution concentration increases foulant deposition on the membrane surface. Microscopic observation also revealed that the FO mode is more resilient to fouling than the PRO mode, and feed spacers enhance initial and critical flux. The use of a feed spacer to enhance flux was also confirmed by another microscopic observation using model microalgae as foulant [63] . However, it was found later by another in-situ monitoring study that while spacers can enhance flux, they can hinder the cleaning process as well [14] . In-situ observations also confirmed that draw solution containing divalent ions promote severe fouling, due to reverse salt flux, and makes fouling reversibility more challenging [63] .
Clearly, DOTM is a very sensitive technique, but its use in the FO is restricted to only transparent membranes or cells with transparent sections. Another limitation of DOTM is its inability to quantify surface coverage of membrane in the FO mode, due to the interference from pore structures of the membrane [63] .
Ultrasonic Time Domain Reflectometry
Ultrasonic time domain reflectometry (UTDR) is a monitoring technique extensively used in various industrial, medical and military applications [177, 178] . UTDR has been used in reverse osmosis to monitor biofouling [179, 180] . To the best of our knowledge this technology has not been used in forward osmosis yet. UTDR uses sound waves to determine the location of a moving or stationary interface, and can also provide insights to the physical characteristics of the media through which the sound waves propagates [178] . A possible schematic diagram of UTDR for the FO process is shown below in Figure 5 .
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Ultrasonic time domain reflectometry (UTDR) is a monitoring technique extensively used in various industrial, medical and military applications [177, 178] . UTDR has been used in reverse osmosis to monitor biofouling [179, 180] . To the best of our knowledge this technology has not been used in forward osmosis yet. UTDR uses sound waves to determine the location of a moving or stationary interface, and can also provide insights to the physical characteristics of the media through which the sound waves propagates [178] . A possible schematic diagram of UTDR for the FO process is shown below in Figure 5 . An externally mounted transducer (usually water-immersion), which emits and receives ultrasonic signals, is placed in contact with a top plate, as shown in Figure 5 . The transducer is usually coupled using commercially available food grade honey to the top plate [178] . The transducer emits ultrasonic waves. There are three interfaces in Figure 5 from which ultrasonic signals are reflected. The top plate and feed solution interface generating echo A, the feed solution and fouling layer interface, generating echo B, and the feed solution and membrane interface, generating echo C. An oscilloscope collects the echo signals. The difference in arrival time represented by ∆T of the echoes is measured. If "c" is the velocity of the ultrasonic wave in the fouling layer, the thickness of the fouling layer ∆S can be calculated by using the following equation. ∆S = 0.5c∆T (6) Once fouling initiates on the membrane, the acoustic impedance of each interface will change, resulting in the change in the amplitudes of the echoes [178] . A change in thickness of the fouling layer will generate a new echo from the feed solution-fouling layer interface. Similarly, the echo An externally mounted transducer (usually water-immersion), which emits and receives ultrasonic signals, is placed in contact with a top plate, as shown in Figure 5 . The transducer is usually coupled using commercially available food grade honey to the top plate [178] . The transducer emits ultrasonic waves. There are three interfaces in Figure 5 from which ultrasonic signals are reflected. The top plate and feed solution interface generating echo A, the feed solution and fouling layer interface, generating echo B, and the feed solution and membrane interface, generating echo C. An oscilloscope collects the echo signals. The difference in arrival time represented by ∆T of the echoes is measured. If "c" is the velocity of the ultrasonic wave in the fouling layer, the thickness of the fouling layer ∆S can be calculated by using the following equation. ∆S = 0.5c∆T (6) Once fouling initiates on the membrane, the acoustic impedance of each interface will change, resulting in the change in the amplitudes of the echoes [178] . A change in thickness of the fouling layer will generate a new echo from the feed solution-fouling layer interface. Similarly, the echo signal will disappear once the membrane is cleaned and the fouling layer diminishes; therefore, UTDR can be a successful and effective technique to assess the effectiveness of cleaning protocols for fouling mitigation as well [182] .
The UTDR technique can effectively give us useful insights to monitor fouling layer initiation, fouling layer growth and its removal from the membrane [182] . The limitation of UTDR is that fouling monitoring results may not be precise, due to the slight difference in acoustic properties between the interfaces (feed solution-membrane or feed solution-fouling layer) [179] .
Nuclear Magnetic Resonance or Magnetic Resonance Imaging
Nuclear magnetic resonance (NMR) or magnetic resonance imaging (MRI) can give us insights into biofilm distribution, impact of hydrodynamics and impact of fouling on mass transport [180] . Information about the basic principles of this technology can be found elsewhere [183] . NMR has several advantages, such as being non-invasive, the absence of ionizing radiations, freedom to generate a 3D sample of the image as a whole and image non-metallic samples, which are optically opaque [184] . NMR application was used for the first time by Graf von der Schulenburg et al. [180] to monitor biofouling in spiral wound RO membranes. NMR is also considered a powerful tool for monitoring and analysing biofouling, spatial distribution of the biofilm and the impact of flow on hydrodynamics [185] . Unfortunately, not much literature is available on the application of NMR for fouling studies. This may be due to the fact that NMR is a very expensive technique (Table 5) , is limited in availability and requires experienced operators to operate [184] . A low cost, mobile solution has also been reported, through which measurements are conducted using the Earth's magnetic field as an external magnetic field [186] . Table 5 . Cost of nuclear magnetic resonance (NMR)/magnetic resonance imaging (MRI) methods. Adapted from [186] .
NMR/MRI Method Cost
High field (Superconducting) >$1 million AUD Bench-top (permanent magnet) >$100 k AUD Mobile (permanent or no magnet) <$10 k AUD
Silent Alarm TM Technology
The Silent Alarm TM technology was designed as an early warning system for membrane fouling and to monitor the performance of the RO plant in real time [187] . This would allow RO plant operators to take immediate measures against fouling. This technology is also capable of quantitatively measuring fouling via a parameter known as Fouling Monitora (FM). For instance, the FM value of 0%-5% means that no fouling is occurring on the membrane, whereas FM value of over 20% suggests that extensive irreversible fouling is occurring and membranes may require replacement. This technology; however, is not able to tell the specific type of fouling on the membrane and thus development of an effective strategy for specific types of fouling control is limited [33] . Until now, this technology has only been applied to study fouling in RO only.
Feed Fouling Monitor Coupled with UTDR
Developed by Taheri and co-workers [188, 189] , the feed fouling monitor (FFM) is an online flow simulator that gives us useful insights to the fouling propensity of the feed water. The predicted fouling trends for RO based on FFM alone ignore the effects of CEOP on fouling, and are found to be slower than actual fouling profiles [190] . To incorporate the effects of CEOP, Taheri et al. [189] coupled FFM with UTDR to estimate RO fouling over a range of applied fluxes, using model silica as colloidal foulant. A UF membrane was used for test, as UF membranes are more sensitive to fouling than RO membranes and; therefore, provided increased accuracy. FFM was used to estimate the fouling resistance and porosity of the cake layer, whereas UTDR was incorporated to measure the thickness of the developing fouling layer. This model provided good estimates; however, it can be only applied to colloidal foulant, since measuring the thickness of the organic layer is still a challenge for UTDR [190] .
Optical Coherence Tomography (OCT)
Optical coherence tomography (OCT) is a relatively new and advanced monitoring technique [190] , and has been used for monitoring real-time fouling in NF/RO membranes. OCT has several advantages, such as high resolution (eight times higher than SEM), it does not need any signal enhancers or staining of samples and has been used for monitoring fouling in low pressure processes [191] . Since it does not require any staining of a sample, OCT can be a very efficient tool for in-situ and early detection of biofilm development on membranes [190, 192] . Recent advances in OCT has made it a very effective technique for assessing the effects of operating conditions and spacer design on membrane fouling [190] .
Electrical Impedance Spectroscopy
A more efficient technology known as electrical impedance spectroscopy can be used for fouling monitoring in the FO process. EIS was, for the first time, employed by Kavanagh et al. [193] to monitor fouling in RO. Since that time, it has been used successfully in various RO studies for fouling monitoring [194] [195] [196] . The potential of EIS to detect inorganic fouling in an osmotically-driven flow chamber has also been demonstrated [197] . The biggest advantage of EIS is its sensitivity to very small changes that occurs on the membrane surface (measurements at low frequencies are recommended) and the capability to detect the type of fouling [198] . The impedance spectra obtained from different types of foulants varies, and can give an indication to the type of fouling [198] . Monitoring fouling with EIS in the FO process can be useful research in the future.
Confocal Laser Scanning Microscopy Coupled with Multiple Flouresence Labelling
One of the best approaches for in-situ real-time fouling monitoring is coupling confocal laser scanning microscopy (CLSM) with multiple fluorescence labelling [30] . This technique can give us insight into the structure, distribution and function of biofilm constituents on a microscale [162] . However, CLSM has some limitations, such as high brightness (which can cause photo-damage to the specimen), fluorescence saturation and the use of a monochromatic laser [199] .
Conclusions
We conclude that, despite a surge in the number of publications on FO, very few papers discuss fouling with real wastewater. We believe that further research is needed to investigate fouling in more detail using real wastewater or seawater feeds. The number of papers discussing critical flux in forward osmosis is approximately less than 20 since 2010. We conclude the following from this review:
1.
Fouling in FO is reversible, mostly, and flux can be restored using high cross flow or improved hydrodynamics; however, it can be irreversible as well (e.g., biofouling) and chemical cleaning is then required.
2.
Most fouling studies use model foulants in fouling studies, such as alginate, BSA, humic acid and silica particles. This may cause confusion whether the same results will be translated for seawater or wastewater feeds. 3.
Novel antifouling membranes can enhance FO efficiency; however, commercial products may take a long time to develop. Most lab-fabricated antifouling membranes have very intricate synthesis processes and use expensive nanomaterials.
4.
In-situ real-time fouling monitoring is an urgent need for FO advancements and to mitigate fouling. In-situ cleaning can be done in correspondence with when fouling occurs, and this will improve efficiency. A very few publications on real-time monitoring of FO membrane fouling using state of the art technologies are available.
